Nonsense-mediated mRNA decay (NMD) is an RNA surveillance pathway that detects and destroys aberrant mRNAs containing nonsense or premature termination codons (PTCs) in a translation-dependent manner in eukaryotes. In yeast, the NMD pathway bypasses the deadenylation step and directly targets PTC-containing messages for decapping, followed by 5-to-3 exonuclease digestion of the RNA body. In mammals, most PTC-containing mRNAs are subject to active nucleus-associated NMD. Here, using two distinct transcriptionpulsing approaches to monitor mRNA deadenylation and decay kinetics, we demonstrate the existence of an active cytoplasmic NMD pathway in mammalian cells. In this pathway, a nonsense codon triggers accelerated deadenylation that precedes decay of the PTC-containing mRNA body. Transcript is stabilized when accelerated deadenylation is impeded by blocking translation initiation; by ectopically expressing two RNA-binding proteins, UNR and NSAP1; or by ectopically expressing a UPF1 dominant-negative mutant. These results are consistent with the notion that the nonsense codon can function in the cytoplasm by promoting rapid removal of the poly(A) tail as a necessary first step in the decay process.
Eukaryotic cells have evolved various mechanisms to recognize and eliminate functionally aberrant RNAs (25) . Nonsense-mediated mRNA decay (NMD) exemplifies one such type of quality control mechanism that selectively degrades mRNAs with premature termination codons (PTCs) (13, 19, 24) , thus preventing the synthesis of potentially deleterious truncated proteins and rendering recessive a large fraction of human pathological mutations (10) .
In mammalian cells, most PTC-containing mRNAs are specifically eliminated while still associated with the nucleus (nucleus-associated NMD) (17, 48) . It has been reported that the steady-state pool of PTC-containing ␤-globin mRNA (BBB PTC ) in the cytoplasm, presumably escaping nucleus-associated NMD, is immune to NMD (1, 8) . Although nonsense globin mRNAs are degraded in the nuclear fraction of transfected mammalian cell lines, earlier studies using transgenic animals indicated that they are degraded in the cytoplasm of erythrocytes (20, 21) . In yeast, the NMD pathway is deadenylation independent and is distinct from the deadenylationdependent decay pathway for normal mRNAs (14, 31) . PTCs are recognized during translation termination, resulting in direct decapping and subsequent 5Ј-to-3Ј exonucleolytic digestion of the RNA body (26) . It has been assumed that a similar deadenylation-independent mechanism also operates in mammalian cells to eliminate PTC-containing mRNAs (33, 49, 51) . A preliminary observation (34) that degradation of PTC-containing ␤-globin mRNA (BBB PTC ) seems to occur parallel to its deadenylation has been used to support this view. However, in this earlier study, the observation was based on a single experiment, and consequently several critical issues were not addressed. For example, it was not clear from the decay plot whether the nonsense codon significantly accelerated deadenylation. Moreover, if mammalian NMD is deadenylation independent, one would expect that interfering with deadenylation would not lead to any significant stabilization of PTC-containing ␤-globin mRNA (BBB PTC ). This is a critical issue that has not actually been tested. As current models of mammalian NMD were proposed with the assumption that it is deadenylation independent and nucleus associated, elucidation of the relationship between deadenylation and NMD could provide important new insights into the NMD process and a better understanding of this intriguing surveillance mechanism.
Recent advances in our understanding of decay machinery and the process of mammalian RNA turnover point to some major differences between yeast and mammalian systems. For example, poly(A) shortening followed by 3Ј-to-5Ј exonucleolytic digestion of the RNA body via the exosome is the major decay pathway in mammalian in vitro-reconstituted systems (5, 27, 46) , whereas the major pathway in yeast involves deadenylation-dependent decapping followed by 5Ј-to-3Ј exonuclease digestion of the RNA body (2) . Increasing evidence indicates that the 3Ј poly(A) tail of mRNAs plays a critical role in regulating the fate of mRNA by communicating with the 5Ј cap, with the internal ribosomal entry site, and with various RNA stability determinants (11, 38, 43, 45, 47) . Recent studies also indicate that the 3Ј poly(A) tail interacts with the translation termination codon. Hoshino et al. (15) showed that mammalian eRF3, a translation termination-releasing factor, interacts strongly with poly(A)-binding protein (PABP), suggesting that the poly(A) tail associated with PABP participates in the recognition of a stop codon and thus in mammalian NMD. In view of the distinction between NMD in yeast and in mammalian cells and the interaction of the poly(A) tail with the translation termination complex, and the unresolved issues described above, we examined the relationship between deadenylation and NMD in the cytoplasm of mammalian cells.
MATERIALS AND METHODS
Plasmid construction. The construction of plasmids pSV␣1/GAPDH (6), pBBB, pBBB PTC (34) , pTet-BBB (50), pBBBϩhp (hp, hairpin) (7), pTet-MycOvep, pTet-Myc-HuR (32), pSG-UNRFlag, and pSV-mNSAP1 (11) has been described previously. To generate pBBB PTC ϩhp and pTet-BBB PTC , an XbaI linker (New England Biolabs) containing stop codons in all three reading frames was inserted into the unique AccI site (blunt ended with T4 DNA polymerase) located within the second exon of the rabbit ␤-globin gene in pBBBϩhp and pTet-BBB, respectively. Plasmids pCI-neo-FLAG-UPF1-WT and pCI-neo-FLAG-UPF1-R844C were kindly provided by Lynne Maquat (37) .
RNA blot analysis and preparation of NIH 3T3 cytoplasmic extracts. Cell culture, DNA transfection, isolation of total cytoplasmic RNA, Northern blot analysis, and lysate preparation were conducted as described previously (35) . Briefly, NIH 3T3 cells (for the serum-inducible c-fos promoter system) or its subline B 2 A 2 cells stably harboring tTA (for the Tet-regulated promoter system) (50) were transfected for ϳ16 h with a total of 20 g of DNA. When transcription was driven by the serum-inducible c-fos promoter, the cells were first serum starved for 25 h, followed by stimulation with 20% bovine serum (Gibco BRL). When the Tet-regulated promoter system was used, the cells were cultured in medium containing 25 ng of Tet/ml for another 24 h. Transient expression from the Tet-regulated gene was induced for 150 min by changing to Tet-free medium. Tet (500 ng/ml) was then added to block transcription, and total cytoplasmic RNA was extracted at various times. Gene-specific DNA probes for Northern blot analysis were prepared by the method of random oligonucleotide priming; 32 P label was introduced by inclusion of [␣-
32 P]dCTP (Ͼ6,000 Ci/mmol; DuPont). The quantitation of data was obtained by scanning the radioactive blots with an imager (Packard). Deadenylation and decay curves were plotted as described previously (34, 36) .
For lysate preparations, one 100-mm-diameter culture dish of transfected cells from a parallel time course experiment was harvested for preparation of cytoplasmic extract (32) . The protein concentrations of samples used in Western blot analysis were analyzed with the bicinchoninic acid protein assay reagent (Pierce).
Western blot analysis. Proteins in cytoplasmic lysates were analyzed on a sodium dodecyl sulfate-8% polyacrylamide gel and transferred to nitrocellulose membranes, and immunoreactive bands were visualized using an ECL Western blotting kit (Amersham, Arlington Heights, Ill.). The antibodies used are described below (see the legend to Fig. 4 ). M2 antibody against the Flag tag in human Upf1 (hUpf1) protein was from Sigma and was used at 1:1,000 dilution. Purified monoclonal antibody against ␣-tubulin (DM1A) was from Sigma and was used at 1:40,000 dilution as a positive control for cytoplasmic protein preparations.
RESULTS
Nonsense codon triggers accelerated deadenylation of ␤-globin mRNA, preceding decay of the RNA body in the cytoplasm. To assess the relationship between poly(A) tail removal and NMD in the cytoplasm of mammalian cells, we examined the deadenylation kinetics of a PTC-containing ␤-globin mRNA in serum-stimulated NIH 3T3 cells. The PTC was introduced into the rabbit ␤-globin gene at codon 36 in the second exon, 130 nucleotides from the downstream exon-intron junction (Fig.  1A , BBB PTC ). Nonsense codons at and around this position in human ␤-globin mRNAs are sufficient to trigger NMD (1, 40, 51) . Transcription of the ␤-globin gene was driven by the serum-inducible c-fos promoter, which allows rapid and transient induction of transcription upon serum stimulation of quiescent NIH 3T3 cells (34) . This transcriptional pulsing produces a pool of newly transcribed mRNAs that are homogeneous in regard to the size of the poly(A) tail once they arrive in the cytoplasm. Cytoplasmic poly(A) shortening can thus be monitored by extracting cytoplasmic mRNA from transfected cells at various time points, making an unequivocal determination of in vivo deadenylation kinetics possible (22, 50) .
The BBB PTC mRNA displayed accelerated deadenylation before decay of the RNA body in the cytoplasm (Fig. 1B , BBB PTC ), whereas wild-type ␤-globin mRNA (BBB) underwent much slower deadenylation and little decay of the message (Fig. 1B, BBB) . The deadenylation process, quantitated by plotting the fraction of surviving poly(A) as a function of time, showed that in vivo deadenylation of both wild-type and PTC-containing ␤-globin mRNAs followed first-order kinetics. The process was significantly faster for the BBB PTC mRNA than for wild-type mRNA (Fig. 1B) . The decay plot in Fig. 1B clearly showed that BBB PTC mRNA underwent accelerated deadenylation before decay of the RNA body.
The experiments described above were carried out in seruminduced NIH 3T3 cells undergoing a G 0 -to-G 1 transition. To be sure that bona fide NMD was being examined, and to rule out the possibility that cytoplasmic deadenylation before degradation for PTC-containing ␤-globin mRNA was peculiar to serum-induced conditions, we performed additional time course experiments in proliferating NIH 3T3 cells. In this case, transcription pulsing from the BBB PTC gene was accomplished by the tetracycline-regulated promoter system (50) . Following a short period of mRNA synthesis in the absence of tetracycline, transcription was abruptly shut off by adding the drug, and the deadenylation and decay of cytoplasmic mRNA were monitored. As shown in Fig. 1C , BBB PTC mRNA underwent accelerated deadenylation before decay of the RNA body in proliferating NIH 3T3 cells, just as in serum-induced NIH 3T3 cells (Fig. 1B) . RNase H-directed removal of the poly(A) tail using RNA samples from various time points confirmed that shortening occurred from the 3Ј poly(A) tail (Fig. 1C , top right).
The observed rapid decay of PTC-containing ␤-globin mRNA using transcriptional pulsing approaches is in contrast to previous studies showing that, once it has escaped the nucleus-associated NMD, the steady-state pool of PTC-containing ␤-globin mRNA transcribed from a constitutive promoter is not subject to NMD in the cytoplasm (1, 8) . To better address this issue, we proceeded to perform the time course experiments monitoring mRNA decay under conditions mimicking those of the two earlier investigations. The tetracyclineregulated promoter-driven BBB and BBB PTC constructs were transiently transfected into NIH 3T3 B 2 A 2 cells cultured in the absence of tetracycline to allow a constitutive expression of BBB and BBB PTC transcripts following transfection. Thirty-six hours later, RNA stability was determined by blocking ongoing transcription with tetracycline. Consistent with previous studies, the results ( Fig. 2A) also show that the steady-state pool of cytoplasmic BBB PTC transcript decays at a rate identical to that of the normal BBB mRNA under such circumstances. The steady-state levels of BBB PTC transcript synthesized in the cytoplasm are only 6% of those of normal ␤-globin mRNA, indicative of an efficient nucleus-associated NMD (Fig. 2B,  right) . In contrast, the levels of BBB PTC transcript that arrived in the cytoplasm following transcription pulsing (Fig. 2B, left) were ϳ60% of normal ␤-globin mRNA. Taken together, our results obtained using transcriptional-pulsing approaches revealed that an active NMD pathway exists in the cytoplasm of mammalian cells that is distinct from the nucleus-associated Ϫ RNA was prepared in vitro by treating RNA samples with oligo(dT) and RNase H. Poly(A) lengths were compared by calculating from the difference in electrophoretic mobility between each message and cognate poly(A) Ϫ RNA. The quantitation of data was obtained by scanning the radioactive blots with an imager (Packard). Deadenylation and decay curves were plotted as described previously (34, 36) . All curves shown in the plots are based on the average results of multiple experiments with standard deviations.
NMD. In this cytoplasmic pathway, deadenylation precedes the decay of the RNA body. Since the comparison was done using the same tetracycline-regulated promoter to drive transcription, our results also rule out the possibility that the difference is due to the use of different promoters.
Blocking translation of PTC-containing ␤-globin mRNA impedes the deadenylation step. NMD is known to be tightly coupled to translation and to involve ribosome transit and possible formation of a posttermination surveillance complex (24, 49) . Decay of PTC-containing ␤-globin mRNA was significantly slowed when translation was inhibited by the introduction of an iron-responsive stem-loop structure in the 5Ј untranslated region (29) . To determine whether increased stability of BBB PTC mRNA by translation blockade is related to impeded deadenylation, a stem-loop structure known to efficiently block translation initiation of normal ␤-globin mRNA or ␤-globin mRNA containing an AU-rich element (ARE), as demonstrated by a polysome profile study (7) , was inserted into the 5Ј untranslated regions of the BBB PTC mRNAs. As shown in Fig. 3A , this manipulation significantly slowed deadenylation and decay of BBB PTC ϩhp mRNA. Completion of deadenylation was postponed until after the 8-h time point, during which time there was little decay of the transcript. This effect was specific, as insertion of the stem-loop into wild-type ␤-globin mRNA had little effect on its deadenylation and decay kinetics (Fig. 3B) . These data show that the accelerated deadenylation of the PTC-containing mRNA depends on active translation of the message, consistent with operation of a bona fide NMD pathway in the cytoplasm.
Ectopic expression of a dominant-negative mutant of hUPF1 protein slows down deadenylation of PTC-containing ␤-globin mRNA. NMD pathways described in yeast, Caenorhabditis elegans, and mammalian cells all involve Upf or its homologue proteins (12, 23, 30, 49) . To further corroborate our finding that deadenylation-dependent NMD in the cytoplasm is a bona fide NMD, we monitored the kinetics of BBB PTC mRNA decay in the presence of a dominant-negative mutant of hUpf1 known to impede NMD in proliferating mammalian cells (37) . The mutant hUpf1 protein has an arginine-to-cysteine mutation at residue 844 (R844C) within the RNA helicase domain and was Flag epitope tagged. As shown in Fig. 4 , ectopic expression of Upf1(R844C) significantly slowed deadenylation of BBB PTC mRNA in proliferating NIH 3T3 cells and led to partial stabilization of the BBB PTC mRNA, whereas wild-type Upf1 or empty vector had little effect. Although a portion of BBB PTC mRNA still decayed after the 2-h
FIG. 2. Mode of transcription of PTC-containing ␤-globin gene affects nonsense-mediated decay for the transcript. (A) Steady-state pool of cytoplasmic BBB
PTC transcript decays at a rate identical to that of the normal BBB mRNA after being constitutively expressed. The Tet-regulated promoter-driven BBB and BBB PTC constructs were transiently transfected into NIH 3T3 B 2 A 2 cells cultured in the absence of tetracycline to allow constitutive expression of BBB and BBB PTC transcripts following transfection. Thirty-six hours later, mRNA stability was determined by blocking ongoing transcription with tetracycline. RNA isolation, data quantitation, and plotting were as described in the legend to (Fig. 4C) showed that the wild-type and mutant Upf1 proteins were expressed at similar levels. These data further suggest that Upf1 plays a role in the PTC-triggered rapid deadenylation in the cytoplasm.
Ectopic expression of UNR and NSAP1 impedes deadenylation and decay of PTC-containing ␤-globin mRNA. Previously, two RNA-binding proteins, UNR and NSAP1, that block deadenylation of ␤-globin mRNA bearing instability determinants when ectopically overexpressed in NIH 3T3 cells were identified (11) . The results suggested that the two proteins interfere with the normal function of a poly(A) nuclease in cytoplasmic mRNA deadenylation. To further address the relationship between the deadenylation process and the NMD pathway, we examined whether ectopic expression of UNR and NSAP1 could block deadenylation of BBB PTC mRNA and stabilize the message in serum-stimulated NIH 3T3 cells. The results (Fig. 5A, top) showed that deadenylation of a subpopulation of BBB PTC transcript was completely stalled and the corresponding pool of mRNA was stable over the 8-h time course, whereas the remaining message underwent accelerated deadenylation and rapid decay. Importantly, in control experiments using transfection with an empty vector or ectopic expression of HuR, an ARE-binding protein, there were no appreciable changes in deadenylation or decay of BBB PTC mRNA (Fig. 5B) . These results substantiate the conclusion that deadenylation precedes mRNA degradation in cytoplasmic NMD of BBB PTC mRNA and support the notion that deadenylation is a necessary step in this pathway.
To further assess the specificity of the observed partial blockage of deadenylation of BBB PTC mRNA by UNR and NSAP1, we also showed that neither UNR nor NSAP1 had any significant effect on the deadenylation kinetics of wild-type BBB mRNA (Fig. 5A, bottom) . Thus, it was striking that deadenylation blocked by UNR and NSAP1 was related to the Ϫ RNA preparation, poly(A) length comparisons, and data quantitation and plotting were as described in the legend to Fig. 1. (C) Western blot analysis showing that wt and mt Upf1 proteins were expressed at similar levels. Cytoplasmic lysates prepared from NIH 3T3 B 2 A 2 cells transfected with BBB PTC in the absence (control) or presence of either wt Upf1 or mt Upf1 protein were resolved on a sodium dodecyl sulfate-8% polyacrylamide gel. The blot was probed with antibody against the Flag tag for detection of Upf1 and its mutant proteins and a control monoclonal antibody against ␣-tubulin for equal loading of protein samples.
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on September 8, 2017 by guest http://mcb.asm.org/ presence of a nonsense codon. This observation could argue for a fundamental difference between the mRNP structures of normal ␤-globin mRNA and nonsense-containing ␤-globin mRNA.
DISCUSSION
In this study, we provided several lines of evidence that demonstrate the presence of an active mammalian cytoplasmic NMD pathway in which removal of the poly(A) tail precedes the decay of the body of PTC-containing ␤-globin mRNA ( Fig.  1 to 5) . We show that introduction of a PTC codon in the ␤-globin transcript leads to accelerated deadenylation both at the G 0 -to-G 1 transition and in the proliferating state of mouse fibroblasts. Moreover, the accelerated deadenylation induced by PTC is dependent upon on-going translation and appears to involve UPF1. Similar observations have been made recently in yeast (3a, 25a) . It appears that when yeast decapping activity is inactivated, an alternative, decapping-independent NMD pathway remains able to eliminate PTC-containing transcripts in a process which involves accelerated deadenylation and subsequent 3Ј-to-5Ј exonucleolytic digestion of the RNA body. Importantly, UPF1 is involved in this deadenylation-dependent pathway in yeast. It will be interesting to see how UPF1 functions to modulate deadenylation both in yeast and in mammalian NMD pathways (see further discussion below).
Current models for mammalian NMD were proposed with the assumption that it is deadenylation independent (e.g., references 49 and 51). If this is true, one would expect that interfering with deadenylation would have little effect on the decay of PTC-containing ␤-globin mRNA. This is apparently not the case. Here, we took three different approaches to slow down the accelerated deadenylation of nonsense-containing transcript: (i) blocking translation initiation; (ii) ectopically expressing two RNA-binding proteins, UNR and NSAP1; and (iii) ectopically expressing a UPF1 dominant-negative mutant. Our results show that regardless of how deadenylation is impeded, it always leads to significant stabilization of nonsensecontaining transcript. These observations, as well as the similarities between the deadenylation and decay kinetics of the cytoplasmic NMD pathway described here and the deadenylation-dependent decay pathways for degrading normal mRNAs in yeast and in mammalian cells, are consistent with the notion that deadenylation is a necessary step in mammalian cytoplasmic NMD, which precedes decay of the RNA body.
It is noteworthy that Neu-Yilik et al. (29) showed that nonpolyadenylated ␤-globin mRNAs ending with a histone 3Ј stem-loop terminus remain NMD competent in mammalian cells. In this case, it is possible that deadenylation is bypassed due to the presence of the 3Ј histone stem-loop structure, allowing, for example, the termination-surveillance complex and exon-exon junction complex to communicate directly with the 5Ј cap binding complex, the decapping enzymes, or the 3Ј exosome complex for degrading the transcript.
One obvious pending issue is to pinpoint the responsible Ϫ RNA preparation were as described in the legend to Fig. 1 (18), it is also possible that one of these two poly(A) nucleases is the responsible enzyme. A thorough understanding of the regulation, function, redundancy, and interplay of these three different poly(A) nuclease activities and their roles in cytoplasmic deadenylation in mammalian mRNA turnover during cell growth and differentiation will shed light on this issue. How does a premature termination codon trigger accelerated deadenylation? One possibility is that this is accomplished through direct interaction between the 3Ј poly(A)/PABP and the termination surveillance complex during translation. This is based on the following observations. First, accelerated deadenylation is lost when translation of PTC-containing ␤-globin mRNA is blocked (Fig. 3) . Second, mammalian terminationreleasing factor 3, eRF3, interacts strongly with PABP (15, 41) , allowing the translation termination signal to be conveyed to the 3Ј poly(A) tail. Moreover, this interaction has an effect on cooperative binding of PABP to the poly(A) tail (15, 41) . Third, three yeast Upf proteins, which are all essential transacting factors for NMD, influence the translation termination efficiency of PTC-containing messages by interacting with eRF1 and eRF3 (9, 44) . Fourth, overexpression of the hUpf1 (R844C) mutant protein retards deadenylation and stabilizes the PTC-containing ␤-globin mRNA (Fig. 4) , suggesting a role for Upf1 protein in controlling the PTC-induced deadenylation via translation termination.
Our results ( Fig. 1 and 2) clearly show that the way in which the PTC-containing ␤-globin gene is transcribed in the nucleus can greatly affect the turnover of PTC-containing ␤-globin mRNA in the cytoplasm. Following a transcription pulse from the Tet-regulated promoter, nearly 60% of the PTC-containing ␤-globin mRNA arrives in the cytoplasm (Fig. 2B) , apparently not detected and eliminated by the nucleus-associated NMD. In the absence of further transcription, this cytoplasmic pool of BBB PTC mRNA molecules, fairly homogeneous in size and age, undergoes accelerated deadenylation before rapid decay of the RNA body. In contrast, when PTC-containing ␤-globin mRNA is transcribed from the same Tet-regulated promoter, but in a constitutive manner, only 6% has reached the cytoplasm when examined 36 h later (Fig. 2B) , consistent with previous studies showing that BBB PTC mRNA is efficiently eliminated by nucleus-associated NMD (4, 8, 16, 39, 42) . It should be noted that this pool of PTC-containing ␤-globin mRNA represents a steady-state level of mRNA molecules that are heterogeneous in size and age and are immune to NMD in the cytoplasm ( Fig. 2A) (1, 8) . Mammalian cells appear to have two NMD pathways operating, one in the cytoplasm and one associated with the nucleus. It will be interesting to investigate their relationship and whether and how they coordinate to fulfill their surveillance role.
Our data show that a nonsense codon triggers accelerated deadenylation before the onset of decay of the ␤-globin mRNA. It will be interesting to test the generality of this cytoplasmic NMD pathway in other well-characterized PTCcontaining transcripts which are also known to be subject to nucleus-associated NMD, e.g., T-cell receptor and triosephosphate isomerase (4, 8) . Moreover, what is the decay step following deadenylation? Is decay of the RNA body mediated by the exosome, or does decapping trigger decay of the RNA body following deadenylation? Our findings provide new insights into the general mechanism of NMD and suggest an experimental basis for elucidating the roles of trans-acting factors, e.g., eRF3, Upf factors, the exon-junction complex, PARN [as well as other poly(A) nucleases], and PABP in this intriguing cytoplasmic surveillance process.
